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ABSTRACT

Twizeyimana, M., Ojiambo, P. S., Sonder, K., Ikotun, T., Hartman, G. L.,
and Bandyopadhyay, R. 2009. Pathogenic variation of Phakopsora
pachyrhizi infecting soybean in Nigeria. Phytopathology 99:353-361.

Soybean rust, caused by Phakopsora pachyrhizi, is an important
disease in Nigeria and many other soybean-producing countries world-
wide. To determine the geographical distribution of soybean rust in
Nigeria, soybean fields were surveyed in the Derived Savanna (DS),
Northern Guinea Savanna (NGS), and Southern Guinea Savanna (SGS)
agroecological zones in Nigeria between 2004 and 2006. Disease severity
in each zone was determined and analyzed using geostatistics. Prevalence
of infected fields and disease severity in surveyed fields were signifi-
cantly (P < 0.05) different between geographical zones with both vari-
ables being higher in the DS zone than in either NGS or SGS zones.
Geostatistical analysis indicated that the spatial influence of disease
severity at one location on severity at other locations was between 75 and
120 km. An exponential model best described the relationship between
semivariance and lag distance when rust severity was high. Spatial
interpolation of rust severity showed that locations in the DS zone were
more conducive for the rust epidemic compared to areas in the NGS zone.
In the 2005 survey, 116 purified isolates were established in culture on

detached soybean leaves. To establish the nature of pathogenic variation
in P. pachyrhizi, a set of four soybean accessions with Rpp;, Rpp,, Rpps,
and Rpp,resistance genes, two highly resistant and two highly susceptible
genotypes were inoculated with single uredinial isolates. Principal com-
ponent analysis on the number of uredinia per square centimeter of leaf
tissue for 116 isolates indicated that an adequate summary of pathogenic
variation was obtained using only four genotypes. Of these four, PI
459025B (with Rpp4 gene) and TGx 1485-1D had the lowest and highest
number of uredinia per square centimeter, respectively. Based on cluster
analysis of the number of uredinia per square centimeter, seven pathotype
clusters were determined. Isolates in cluster IIT were the most virulent,
while those in cluster IV were the least virulent. Shannon’s index (H)
revealed a more diverse pathogen population in the DS zone (H = 1.21)
compared to the rust population in SGS and NGS with H values of 1.08
and 0.91, respectively. This work will be useful in breeding and man-
agement of soybean rust by facilitating identification of resistant geno-
types and targeting cultivars with specific resistance to match prevailing
P. pachyrhizi pathotypes in a given geographical zone.

Additional keywords: pathogen diversity, pathotype composition, viru-
lence analysis, West Africa.

Soybean rust, caused by Phakopsora pachyrhizi (H. Sydow &
Sydow), is one of the most economically important foliar diseases
affecting soybean (Glycine max [L.] Merr.)) worldwide (18)
causing yield losses from 13 to 80% (31). In absence of control
measures, complete crop loss is not uncommon (31). Soybean,
which is native to China where it has been cultivated since the
11th century (19), is a recent introduction to Africa. Presently,
South America is the largest producer of soybean accounting for
nearly 45% of the total world production followed by North
America and Asia with 41 and 12%, respectively, of the total
production (14). Although Africa accounts for only 1% of the
world soybean production, there is potential to increase produc-
tion and currently Nigeria accounts for the largest production
share on the continent (14). Most of the soybean production in
Nigeria is concentrated in the savannas where the crop has
contributed to substantial social, economic and environmental

Corresponding author: R. Bandyopadhyay
E-mail address: r.bandyopadhyay @cgiar.org

doi:10.1094/PHYTO-99-4-0353

This article is in the public domain and not copyrightable. It may be freely re-
printed with customary crediting of the source. The American Phytopathological
Society, 2009.

benefits (27). Soybean rust was first recorded in Oyo state of
Nigeria in 1999 (2), and is now endemic in major soybean-grow-
ing areas in the country. However, the relative distribution and
importance of the disease in different regions of the Nigerian
savannas remains undocumented. Geostatistical tools offer oppor-
tunities to describe spatial patterns of diseases and relate these
patterns to various factors that affect disease development (36).

A pathotype is a class of pathogen genotypes whose members
express the same pattern of host-specific virulence towards indi-
vidual clones or species within a specified set (26). Virulence is
the relative ability of a pathogen with a given genotype to cause
damage on a specific host genotype or the ability of a pathotype
to multiply on a host cultivar containing genes conferring resis-
tance to other pathotypes of that pathogen (28). Therefore, a
pathotype can be a heterogeneous group of genotypes having in
common only the same pattern of species-specific virulence for a
given set of species. The pathotype structure for a pathogen popu-
lation reflects the present structuring of the population with
respect to classification of species-specific virulence, which in-
cludes the influence of the present structuring of the pathotype-
specific resistance for the plant population (26). Thus, patho-
typing is a means of monitoring the present state of interaction
between pathogen virulence and plant resistance for a pathogen
population and host-plant population.
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The genetic plasticity of P. pachyrhizi populations has often
resulted in the development of virulent strains following the
release of rust-resistant cultivars, particularly those with Rpp; and
Rpp; resistance genes (18). The cultivar Komata (with Rpp;) was
identified as resistant in germplasm evaluations done during 1961
to 1963 (5). By 1966, susceptible lesions were found on plants of
Komata in field trials, and by the mid-1970s the line was not
considered as a useful source of resistance (21). Similarly, the
accession PI 230970 (with Rpp,) was identified as resistant in
field evaluations from 1971 to 1973, but by 1976 a few tan
colored lesions were observed on plants in the field (5). The resis-
tance in Ankur (with Rpps), identified in the early 1970s was
ineffective in the late 1970s (38), providing another example of
the ability of P. pachyrhizi to overcome single-gene resistance. A
recent study (4) indicates that selections from Bing Nan (with
Rpp,) are now susceptible to P. pachyrhizi.

Studies on pathogen variation on P. pachyrhizi isolates on
soybean have exclusively focused on qualitative differences in
virulence (4,6,31,37). This qualitative nature of virulence is based
on three infection types on soybean (6): (i) RB, red-brown lesions
with either no uredinia or only sparsely sporulating uredinia; (ii)
TAN, tan lesions with many uredinia and abundant sporulation,
and (iii)) HR, immune, no visible infection. Bonde et al. (4) re-
ported that intermediate reactions were difficult to score based on
the current RB/TAN designation, and a quantitative approach to
assess pathogen virulence was needed. In addition, pathogen
diversity demonstrated by quantitative virulence, i.e., quantitative
differences in pathogen development on a given host such as
number and sizes of uredinia (6), can also be useful in breeding
for general (minor gene) resistance in soybean. Recently, Bonde
et al. (4) suggested that this quantitative difference in virulence
could detect both major and partial resistance to soybean rust.
Partial resistance is a form of incomplete resistance characterized
by a reduced rate of epidemic development. In this study, we
adopted the number of uredinia per unit leaf area as a quantitative
measurement of virulence of the pathogen (25).

In West Africa, considerable variation in rust resistance among
soybean genotypes at different sites has been reported (34), point-
ing to a variable composition in the pathogen population at these
sites. Further, an entire differential set from the Asian Vegetable
Research and Development Centre (AVRDC) recommended for
identification of rust races (33) was reported to be susceptible to
isolates from South Africa (8), providing evidence of a diverse
rust population in Africa. However, analysis of pathogen diversity
is still lacking for P. pachyrhizi infecting soybean in the region.
We are also unaware of any study in the literature where patho-
genic variation of P. pachyrhizi has been based on quantitative
differences in virulence. In addition, there is no inventory of
dominant pathotypes and their geographical distribution to better
design germplasm evaluation and cultivar development breeding
programs in West Africa. Based on these considerations, this
study was conducted to (i) analyze the spatial distribution of the
soybean rust in Nigeria; (ii) determine a host differential set for
identifying dominant pathotypes of P. pachyrhizi infecting soy-
bean in Nigeria; and (iii) examine the geographical distribution of
P. pachyrhizi pathotypes in main soybean production zones in
Nigeria.

MATERIALS AND METHODS

Field surveys and analysis of survey data. Fields were sur-
veyed for soybean rust from 2004 to 2006 in soybean production
areas in three agroecological zones in Nigeria; Derived Savanna
(DS), Southern Guinea Savanna (SGS), and Northern Guinea
Savanna (NGS) (22). A total of 11, 6, and 3 states were covered
during the survey in DS, SGS, and NGS zones, respectively.
Surveys were conducted between late October and early Novem-
ber of each year when plants had seeds in pods that were fully
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developed (R6 stage). Specifically, 72, 29, and 25 fields were
surveyed in DS, SGS, and NGS, respectively, in 2004. In 2005,
58, 26, and 41 fields were surveyed in DS, SGS, and NGS,
respectively, while in 2006, 65, 38, and 38 fields were surveyed in
DS, SGS, and NGS, respectively. The fields were a mixture of
smallholder and commercial plots with an average size of 0.5 ha
and characterized by very limited fungicide use. The DS lies
within latitudes 6°8" and 9°30" N and longitudes 2°40" and 12°15’
E and has a bimodal rainfall distribution averaging from 1,300 mm
to 1,500 mm annually, and maximum temperatures varying from
25 to 35°C. The SGS zone lies within latitudes 8°4" and 11°3" N
and longitudes 2°41" and 13°33’ E, with a bimodal rainfall
averaging from 1,000 mm to 1,300 mm per year, and maximum
temperatures ranging from 26 to 38°C. The NGS lies within
latitudes 9°10" and 11°59" N and longitudes 3°19" and 13°37' E
and has a unimodal rainfall distribution averaging from 900 mm
to 1,000 mm annually, and maximum temperatures varying from
28 to 40°C. Across the regions, temperatures increase and rainfall
decreases with increasing latitude with the DS furthest south
followed by the SGS and the NGS in the north. Due to crop rota-
tion practices, the same farm was not surveyed every year during
the 3-year period but as much as possible farms surveyed in a
locality were within proximity. For each field sampled, longitude,
latitude, and elevation data were recorded using a hand-held Glo-
bal Positioning System device (eTrex GPS, Garmin Corporation,
Olathe, KS). To determine disease severity in each field, 20 plants
were sampled for disease in a W-shaped sampling pattern. To
facilitate disease assessment along the sampling transect, whole
plants were divided into lower, intermediate, and upper sections.
Each section was assessed for leaf area infected using a 0 to 9
scale (24) and the mean score of the three sections represented the
disease severity score for the whole plant.

Out of the total number of fields surveyed for the presence of
soybean rust, 62, 20, and 16 fields were infected in DS, SGS, and
NGS zones, respectively, in 2004. In 2005, 52, 16, and 39 fields
were infected in DS, SGS, and NGS zones, respectively, while in
2006, 51, 15, and 25 fields were infected in DS, SGS, and NGS
zones, respectively. Based on the total number of fields surveyed
and the corresponding number of infected fields, disease preva-
lence was calculated for each agroecological zone and separately
for each year as the percentage of infected fields relative to the
total number of fields surveyed. Disease severity data collected
during the survey using the 0 to 9 scale were converted to per-
centages using the mid-point method (9). In each year, disease
severity in each agroecological zone was calculated as the mean
disease severity of all fields surveyed within their respective
zones. Data on disease prevalence and disease severity were then
subjected to analysis of variance (ANOVA) in which years and
agroecological zones were considered as blocking and treatment
variables, respectively. Differences in disease prevalence and dis-
ease severity between agroecological zones were determined
using Fisher’s protected least significant difference (LSD) test.
All analyses were performed in SAS (version 9.1; SAS Institute,
Cary, NC).

According to the latitude and longitude measured at each field,
a point-coverage was generated for all fields in a geographic
information system (GIS). Geo-referenced disease severity values
were analyzed in the geostatistical analyst extension manager of
ArcGIS version 9.2 (13). Semivariogram analysis was performed
to describe the variance of disease severity and the spatial rela-
tionships between fields. Spatial structures were objectively com-
pared by fitting exponential models to empirical variograms. The
exponential model is a theoretical variogram model in which the
semivariance rises smoothly from the first lag to a maximum
stable value, i.e., sill, at a fixed range. The best fit exponential
model was then used to estimate the nugget and the range of
spatial dependency. Low nugget values can be interpreted as high
level of aggregation of disease severity, while the range of spatial



dependency is the maximum distance at which samples show spa-
tial dependence. Using this kriging function, spatial distribution
grids of rust severity were generated using severity data from all
the surveyed fields. Spatial grids of interpolated disease severity
were delimited to within a 10-km radius around rust infected
fields and this resulted in three separate grids in each year of the
survey.

Isolate collection and inoculation. A total of 116 isolates of P,
pachyrhizi were collected for analysis of pathogenic variability
during the survey in 2005. Uredinial collections of P. pachyrhizi
were made from soybean leaves collected when surveying differ-
ent locations in the three agroecological zones: DS (54 collec-
tions), NGS (35 collections), and SGS (27 collections). A hand-
held GPS was used during the survey to record the coordinates of
isolate collection sites. A collection consisted of one to several
leaves bearing uredinia from a single plant or cultivar. Approxi-
mately 20 mg of urediniospores were collected from the leaves
using a cyclone spore collector (G-R Manufacturing Company,
Manhattan, KS) and placed in 1.8-ml cryogenic vials. The vials
were stored in liquid nitrogen and transported to the IITA
pathology laboratory in Ibadan. To purify the collection, uredinio-
spores from each location were used to inoculate healthy detached
leaves (35) of a highly susceptible soybean cultivar TGx 1485-1D
grown in the greenhouse. Prior to inoculation, frozen spores were
heat shocked at 40°C for 5 min, and hydrated by incubating over
water in an enclosed petri plate overnight (15). When uredinia
started to erupt (9 to 13 days after inoculation), urediniospores from
a single isolated uredinium (i.e., without any uredinia close by)
were picked using a sharp sterile needle under a stereoscopic
binocular at 40x, and were mixed with 0.3 ml of sterile water.
Using a fine sterile brush, the resulting spore suspension was then
spread onto new detached leaves in a petri dish. Single uredinio-
spore isolates derived after three cycles of single uredinial transfers
to generate pure cultures were multiplied on detached leaves (35)
of TGx 1485-1D to produce adequate spore population of each
isolate for use in the subsequent pathogenic variation experiments.

Selection of host differentials. Eight soybean genotypes from
USDA-ARS, National Agriculture Research Organization (NARO)
in Uganda and IITA breeding program were selected to develop a
differential set to classify P. pachyrhizi isolates. Criteria used for
their selection were, prior knowledge of soybean rust resistance
and differential reaction against P. pachyrhizi isolates. The acces-
sions PI 200492 (with Rpp; gene), PI 230970 (Rpp,), PI 462312
(Rpps), PI 459025B (Rpp,), and PI 594538A were from USDA-
ARS. The accession PI 594538A has been reported to produce a
TAN reaction when inoculated with a mixture of P. pachyrhizi
isolates from Thailand, Brazil, Paraguay, and Zimbabwe (23) but
had expressed only an HR reaction when inoculated with rust
isolates from Nigeria (35). The variety UG-5 from NARO, which
is resistant to rust in Uganda (20), expresses an RB reaction when
inoculated with field isolates from Nigeria and Uganda. The
soybean breeding lines TGx 1485-1D and TGx 1844-4F from
IITA breeding program were included due to their high suscep-
tibility to rust (35) and they express a TAN reaction.

The putative host differential lines were evaluated for their
reaction to the isolates using the detached leaf technique as de-
scribed by Twizeyimana et al. (35). Plants of each of the eight
differential lines were maintained in the greenhouse under rust-
free conditions for a constant supply of 3 to 4 week old leaves for
inoculation. Briefly, the abaxial leaf surfaces were sprayed with
400 pl of spore suspension (1 x 103 spores/ml) using an atomizer
attached to an air compressor and a single leaf piece was carefully
placed in a 9-cm-diameter petri dish with adaxial side appressed
on 1% agar technical amended with kinetin at 10 ug/ml. Petri
dishes containing leaf pieces (two leaf pieces per dish and two
replicate dishes for each isolate-differential combination) were
then incubated at 20°C with 12/12 h light/dark cycle for 17 days
after which lesion type was recorded and the number of sporu-

lating uredinia per square centimeter of leaf tissue (henceforth
referred to as uredinia per square centimeter) were counted as de-
scribed by Twizeyimana et al. (35). Inoculations to obtain records
of reaction types and uredinia per square centimeter were re-
peated once and each isolate treatment was replicated three times
in a single run. Prior to analysis, number of uredinia per square
centimeter from all isolates recorded from the two runs were
subjected to ANOVA to test for homogeneity of error variance
(16). No heterogeneity in the data was detected and data were
pooled over runs for final analysis and presentation. Uredinia per
square centimeter were averaged over replications to form obser-
vations representing a mean value for each isolate and first
subjected to preliminary analysis using PROC UNIVARIATE in
SAS to examine the distribution of uredinia per square centimeter.
From this preliminary analysis, three uredinia classes were de-
fined based on the departure from the grand mean for number of
uredinia across all isolates and genotypes: the first, second, and
third classes consisted of uredinia numbers that were one standard
deviation above the grand mean, one standard deviation around
the grand mean, and one standard deviation below the grand
mean, respectively. The first class that defined a highly virulent
category was assigned a value of 1, while the second and third
classes were assigned a value of 2 and 3, respectively. The latter
two groups defined virulent and less virulent categories, re-
spectively.

The multivariate structure of P. pachyrhizi isolates was
examined by principal component analysis as described by
Chakraborty et al. (11) using SAS. Uredinia classes (i.e., 1, 2, or
3) on each host differential were regarded as variables and each
isolate was regarded as an observation. Principal component
analysis was used to generate composite scores, which are linear
combinations of the ratings on each accession. Principal com-
ponent scores have the maximum variance of any set of un-
correlated normalized linear combinations of the original ratings.
Each accession was dropped in turn, and the principal compo-
nents were recomputed. The first four principal components
scores were then rotated and translated into maximum conformity
with the principal components based on the full set of differential
hosts. For each differential host, the sum of squared distance
between the new configuration (based on the reduced differential
set) and the original four-component configuration was calculated
and expressed as a percentage of the sum of squares of the origi-
nal configuration. This “stress statistic” was calculated as each
genotype was dropped in turn. The genotype with the minimum
stress was then dropped permanently, and each of the remaining
genotypes was dropped in turn. The process was repeated in a
stepwise fashion, eliminating one differential host (corresponding
to minimum stress) at each step. The minimum stress was plotted
against the number of genotypes excluded in each step. The re-
maining genotypes were then included in a putative differential
set.

Pathogenic variation and data analysis for pathotype
assignment. The multivariate response across differentials was
explored using SAS to determine the number of independent
dimensions needed to account for variation in the response pro-
file. Uredinia classes (i.e., 1, 2, or 3) as defined above for each
differential, were considered separate variates. Principal compo-
nent scores were calculated from the resulting data matrix of 116
observations (isolates) and eight variates (differentials). To deter-
mine the number of pathotype clusters, the cluster tree was
examined with the number of clusters varying from 2 to 11, and
the proportional reduction in residual sum of squares (R?) was
plotted against the number of clusters. Pathotype clusters were
also determined using the average linkage method and clustering
criteria and first two principal components were plotted to
visualize the clustering of isolates.

Geographical distribution of pathotype clusters. The
Shannon’s index (29) was used to estimate pathogen diversity in
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the three agroecological zones for isolates collected in 2005. The
index was calculated using the formula: H(A) = —2[(n/N) x
In(n/N)], where n; is the number of P. pachyrhizi genotypes in the
ith pathotype cluster and N is the total number of P. pachyrhizi
genotypes in the population A, which was 52, 35, and 26 in DS,
NGS, and SGS zones, respectively. Of the 116 isolates, three were
reclassified to the humid forest zone and were not included in this
analysis due to the limited sample size. The Shannon index
reflects both the number of pathotypes per population and the
relative evenness of their frequencies (17).

RESULTS

Prevalence and severity of soybean rust in agroecological
zones. Soybean rust prevalence and severity differed significantly
(P < 0.05) between agroecological zones during the study period.
The disease was most prevalent in the DS zone and disease
prevalence was significantly (P = 0.0485) higher in this zone than
in the SGS zone (Table 1). Disease prevalence in the NGS zone
was intermediate but was not significantly different from that in
DS or SGS zones. Similarly, soybean rust was most severe in the
DS zone but least severe in the NGS zone. Compared to disease
prevalence, soybean rust severity was significantly (P = 0.0159)
higher in the DS zone than in the NGS zone. Disease severity in
the SGS zone was intermediate and significantly higher than that
in the NGS but was not significantly different from that in the DS
zone. Soybean rust severity in the DS zone was approximately
three times as higher as that observed in the NGS zone, while rust
severity in the SGS zone was about twice as higher as that
observed in the NGS zone.

Disease severity exhibited variations within geographical loca-
tions across the years of study (Fig. 1). Generally, higher levels of
disease severity were observed in soybean fields in DS (Benue
and Osun states) and SGS (northern part of Nasarawa state),
while low levels of disease severity were observed in NGS.
Intermediate levels of disease severity were observed in the DS
zone (Ogun and Ondo states). Standardized semivariograms indi-
cated that disease severity levels in different fields were spatially
correlated during the study period albeit with variations among
years (Fig. 2). In the survey conducted in 2004 when disease level
was low (mean severity 25.8%), semivariance of disease severity
did not increase much as distance increased. However, in 2005
and 2006 surveys when the mean disease severity was 32.5 and
35.5%, respectively, the semivariograms showed the spatial de-
pendence across the range of the surveyed area with values of 75
and 120 km in respective years. For the interpolated rust severity
spatial grids in the top half of the map in Figure 1, the exponential
variogram models provided significant fits to empirical vario-
grams in 2005 (R* = 0.52, P < 0.0001) and 2006 (R* = 0.76, P <
0.0001), but not in 2004 (Fig. 2). For the significant exponential
models, the nugget values were 1.1 and 4.5 in 2005 and 2006,
respectively. The lower nugget value in 2006 indicates that the
degree of spatial correlation was higher during that year than in

TABLE 1. Prevalence and severity of soybean rust based on disease surveys
conducted from 2004 to 2006 in three agroecological zones in Nigeria

Disease variable

Agroecological zone Prevalence (%)? Severity (%)°
Derived savanna 84.7 44.5
Southern Guinea savanna 56.6 33.0
Northern Guinea savanna 70.8 16.3
Least significant difference (o = 0.05) 25.8 14.9

4 Disease prevalence denotes the percentage of fields in which soybean rust
symptoms were observed relative to the total number of fields surveyed in
each agroecological zone.

b Disease severity refers to leaf area infected (%) with soybean rust based on a
sample of 20 plants in each of the fields.
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2005 (Fig. 2). There was no sill for fields within 75 km in 2006
compared to 2005 where the sill was about 6.3. For the two lower
interpolated rust severity grids shown in Figure 1, nugget values
and levels of spatial dependence were similar between years to
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Fig. 1. Spatial grids of interpolated soybean rust (Phakopsora pachyrhizi)
severity in three agroecological zones in Nigeria based on field surveys
conducted in 2004 (A), 2005 (B), and 2006 (C). Interpolated severity grids
were obtained by kriging and are delimited to within a 10-km radius around
infected fields observed during the survey. 1 = Benue, 2 = Federal Capital
Territory, 3 = Kaduna, 4 = Kogi, 5 = Kwara, 6 = Nasarawa, 7 = Niger, 8 =
Ogun, 9 = Ondo, 10 = Osun, 11 = Oyo, and 12 = Plateau state.
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those reported for the spatial grids in the top half of the map (data
not shown).

Pathogenic variation. Inoculation of the putative differentials
with P. pachyrhizi isolates resulted in formation of discrete le-
sions on all the genotypes except for accession PI 594538A on
which an HR reaction was observed with no lesion formation.
Host genotypes also exhibited TAN, RB, and mixed reactions
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Fig. 2. Semivariograms depicting the spatial dependence among soybean
fields infected with soybean rust (Phakopsora pachyrhizi) in Nigeria in 2004
(A), 2005 (B), and 2006 (C). Analysis is based on rust severity (% leaf area
infected) from field surveys in respective years that generated the spatial grid
in the top half of each map in Figure 1. Broken lines with closed symbols
represent the empirical semivariance values while continuous lines are pre-
dicted semivariance values from the fitted exponential variogram model.

following inoculation. For example, all isolates resulted in an RB
reaction on PI 462312 and most isolates (>92%) evoked an RB
reaction on UG-5, while all isolates resulted in a TAN reaction on
TGx 1485-1D (Fig. 3). On infected genotypes, lesions with
varying numbers of uredinia per square centimeter were produced
on the leaves. On less susceptible genotypes, number of uredinia
per unit areas ranged from 1 uredinium to 23 uredinia per cm? In
more susceptible genotypes, the numbers of uredinia were much
higher with up to 65 uredinia per cm?.

The eigenvalues for the principal components of the selected
isolates showed that the first three components explained 84% of
the total variance (Table 2), indicating that three dimensions were
required to explain the variation among the differential lines. The
first eigenvector had a positive weight on each component.
Variation in this component reflected changes in the overall level
of number of uredinia per square centimeter across all differ-
entials, rather than variation in the pattern of number of uredinia
per square centimeter over all differentials. The second eigenvec-
tor had a large positive coefficient for TGx 1844-4F and negative
coefficient for accession PI 459025B indicating the differential
susceptibility of the breeding line and the accession with Rpp,
resistance gene. Similarly, the third eigenvector can be regarded
as contrasting reactions obtained on the highly susceptible breed-
ing line TGx 1485-1D and PI 200492 (with Rpp; gene).

Based on the stress statistic, genotypes with minimum stress
were eliminated one at a time in a stepwise analysis. Removal of
four genotypes did not make any difference in the stress statistic
but dropping of the 5th genotype sharply increased the stress
statistic. This indicated that four out of the eight genotypes could
be discarded. The four genotypes that could be retained were TGx
1485-1D, TGx 1844-4F, PI 459025B, and PI 200492. The con-
tribution of these genotypes towards isolate discrimination was
further examined by plotting the selected isolates in space of the
first two principal components computed for the eight genotypes
after dropping only one, and again after dropping the four geno-
types (data not shown). There was a strong agreement between
configuration based on eight genotypes and the reduced set of
four genotypes, indicating that little information on the first two
principal components had been lost by discarding the four
genotypes.

From the principal component analysis conducted on number
of uredinia per square centimeter matrix of the 116 isolates and
eight differentials, the first three and four principal components
explained >80 and >90% of the variations, respectively. Only four
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Fig. 3. Frequency of infection types on soybean genotypes inoculated with
116 Phakopsora pachyrhizi isolates collected in Nigeria. HR, RB, and TAN
refer to hypersensitive, red-brown and tan lesion reaction type, respectively.
Mixed refers to lesions presence of both RB and TAN reaction on the same
leaf. The accessions PI 200492, PI 230970, PI 462312, and PI 459025B
contain Rppy, Rpp,, Rpp;, and Rpp, resistance genes, respectively.
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of the eight putative differentials, TGx 1485-1D, TGx 1844-4F,
PI 459025B, and PI 200492, had large positive or negative load-
ings on the first four principal components. Thus, the variation
among the 116 isolates could be adequately explained by these
four differentials. Based on cluster analysis on the 116 rust iso-
lates, incremental improvement in R?> was more pronounced
(18%) as the number of clusters increased from two to three (Fig.
4). For each additional cluster between three and seven, R? in-
creased by 4.8 and 7%. Above seven clusters, the incremental rise
in R? with each additional cluster was less than 4%. Thus, seven
clusters were selected using R* > 4.8% as the threshold to repre-
sent the natural groups among the 116 isolates. These seven
clusters accounted for 79.9% of the variation. Similarly, principal
component analysis revealed seven pathotype clusters among the
116 isolates (Fig. 5) with the first and second principal com-
ponents accounting for 67% of the standardized variance. The
characteristics of the isolates in the seven clusters are summarized
using mean number of uredinia observed on the eight differentials
(Table 3). Isolates in pathotype cluster III were the most virulent
across all host differentials. Isolates in clusters V and VI con-
stituted moderately virulent isolates than those in cluster III but
were more virulent on PI 200492 than isolates in all other
pathotype clusters. Isolates in clusters IV and VII were weakly
virulent but cluster VII isolates were more virulent on PI
459025B than cluster IV isolates; both clusters IV and VII isolates
did not cause any disease on UG-5. None of the isolates were
virulent on PI 594538A.

Geographical distribution of pathotype clusters. Field sites
located in the three agroecological zones summarized here repre-
sented the source of 113 out 116 P. pachyrhizi examined in this

TABLE 2. Eigenvectors for first three of the eight principal components from
an analysis of number of uredinia per square centimeter on eight differential
genotypes of soybean inoculated with 116 isolates of Phakopsora pachyrhizi

Principal component®

study. All the 7 pathotype clusters were found in the DS zone,
while pathotype clusters I, II, III, IV, and V were found in the
SGS zone (Fig. 6). Pathotype clusters I, II, V, and VI were found
in the NGS zone. Shannon’s index for diversity revealed a more
diverse P. pachyrhizi population in the DS and SGS zones, with H
values of 1.21 and 1.08, respectively, compared to the population
in NGS zone that had an H value of 0.91.

DISCUSSION

This study revealed considerable pathogenic diversity within
populations of P. pachyrhizi infecting soybean in different geo-
graphical areas in Nigeria, and provides the first assessment of
pathogen diversity based on a quantitative measure of virulence.
Soybean rust was more widespread in the DS agroecological zone
with disease incidence being spatially correlated among different
surveyed fields. Using multivariate techniques, a differential set
consisting of only four genotypes could be useful in classifying
P. pachyrhizi isolates in Nigeria and seven pathotype clusters
were identified to represent the existing range of pathogen
virulence.

Both disease prevalence and disease severity within individual
fields were higher in the DS zone, while disease severity was the
lowest in the NGS agroecological zones. In addition, disease
prevalence was also the lowest in the NGS zone during the study
period except for data in one year of the survey that resulted in a
higher overall prevalence in the NGS zone than in the SGS zone.
Further, disease severity in the DS zone was three times higher as
that observed in the NGS zone. Two reasons can explain this
difference in disease intensity. First, the DS zone has a bimodal
rainfall regime (mean 1,500 mm) with maximum temperatures
ranging between 25 to 30°C, while the NGS zone is characterized
by unimodal distribution (mean 900 mm) and temperatures rang-
ing from 30 to 40°C (22). Rust epidemics occur when prolonged
conditions of leaf wetness and moderate temperatures prevail and

Differential genotype 1 2 3
TGx 1485-1D 45 53 -0 7]
TGx 1844-4F 20 72 65 Vi
PI459025B 61 -32 29 61
PI 200492 62 =30 1
Percent cumulative variation explained 37 67 84
# Values have been multiplied by 100 and rounded to the nearest integer, and 3
values greater than the root mean square coefficient are underlined. vil
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Fig. 4. Cumulative improvement in the coefficient of determination (R?) when
the number of pathotype clusters is increased from 2 to 11 for 116 isolates of
Phakopsora pachyrhizi, causing soybean rust on eight differential host
genotypes of soybean.
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ential set with 116 isolates of Phakopsora pachyrhizi. Sample size (n) shown
within clusters (circles) represent the number of isolates, plotted in a plane
defined by the first two principal components (PC1 x PC2). Roman numerals
adjacent to each cluster are the pathotype cluster groupings described in the
main text.
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epidemics are retarded under dry conditions and when tempera-
tures are >30°C. Thus, the moderate temperatures and high rain-
fall that usually prevail in the DS zone favor development of rust
epidemics. Secondly, most of the soybean production in Nigeria is
concentrated in the DS zone where several edible and wild
legumes such as kudzu (Pueraria lobata), which are potential
alternative hosts for P. pachyrhizi, thrive even in the dry season
(32). Thus, although the sources of inoculum have not been
documented in West Africa, it is conceivable that these wild and
edible legumes may serve as bridging hosts for inoculum increase
and spread of soybean rust in the DS zone.

Different semivariograms were observed in the 3 years of study,
and in survey years when rust severity was high, with semi-
variances increasing with distance between sampled fields. The
range of spatial influence in the years with high disease severity
was approximately 75 to 120 km. This range of influence is
similar to that reported for the spread of soybean rust in the
southeastern United States (12). The long range of spatial
influence is in line with the relatively high critical doses of solar
radiation for P. pachyrhizi spores as compared to fungal spores
that have a much short range such those of Bremia lactucae (36).
Inoculum availability, host age, and environmental factors such as
wind, moisture, and solar radiation influence the spread of soy-
bean rust. Thus, a possible explanation for the different semivario-
grams in the different years may be related to inoculum avail-
ability and environmental factors. Since fields were sampled
when plants were at R6 and the same fields were not sampled
during the survey period, differences in soybean rust within a
field could be mainly due to inoculum availability. However, the
differences between surveys from one year to the next may be due
to environmental factors. Thus, the exact range of spatial influ-
ence of soybean rust cannot be determined since the semivario-
grams had very different sill levels. Nonetheless, the interpolated
disease maps illustrate the spatial spread of soybean rust in
Nigeria. Using this GIS analysis, we showed that specific areas in
DS (mainly in Benue and Ogun states) and SGS (in Nasarawa
state) are conducive to the spatial spread of soybean rust epi-
demics while most areas located in NGS zones are less favorable.

Diversity in P. pachyrhizi has primarily been based on quali-
tative assessment of virulence using RB/TAN reactions types. A
major disadvantage of this approach is that virulence is clearly not
a qualitative phenomenon (28) as sufficiently large numbers of
pathogen isolates can reasonably be expected to show a con-
tinuous range of capacity to damage the host. In a recent study,
Bonde et al. (4) observed for example that the RB reaction may
be a spectrum of reaction types. Further, they also observed that,
whereas the reaction phenotypes on the original sources were
easy to score, it was very difficult to ascertain whether some lines
derived from them had RB or TAN lesions and concluded that
reactions need to be measured quantitatively. In this study, we
examined diversity based on a quantitative assessment of viru-
lence using the number of uredinia per unit leaf tissue. This
quantitative assessment enabled us to delineate differences be-
tween rust isolates using the host differential set than would have
been possible otherwise.
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Fig. 6. Frequency of Phakopsora pachyrhizi isolates in seven pathotype
clusters obtained from soybean in three agroecological zones in Nigeria: A,
Derived savanna, B, Southern Guinea savanna, and C, Northern Guinea
savanna zones.

TABLE 3. Mean and standard deviation (in parenthesis) of number of uredinia on a set of eight differential genotypes of soybean for 116 Nigerian field isolates of

Phakopsora pachyrhizi in seven groupings derived by cluster analysis

Uredinia per cm?

Pathotype cluster ~ Number of isolates ~ TGx 1485-1D  TGx 1844-4F  PI459025B  P1200492 PI1230970 PI462312 UG-5 PI594538A
I 70 58.7 (6.3) 38.2(5.3) 13.1(2.2) 13.0 (3.2) 9.2(2.1) 7232 3224 0.0
I 28 39.1 (6.0 27.6 (6.5) 10.7 (2.6) 9.8(3.7) 5.6 (3.6) 4537  0.3(0.9) 0.0
I 7 64.2 (7.5) 50.9 (2.7) 13.6 (L.5) 13.9(2.1) 10022.1) 10429 52(1.3) 0.0
v 3 32.7 (8.8) 16.8 (0.3) 8.1(5.4) 11.2 (1.6) 5.8(5.1) 4.4(3.8) 0.0(0.0) 0.0
\% 4 56.1(6.2) 40.3 (4.0) 13.1 (2.8) 21.4(4.8) 11.1(3.7) 7.7Q2.1)  4.62.0) 0.0
VI 2 59.0 (1.9) 31.8(7.4) 19.9 (0.2) 22.1(23) 13.1(1.9) 7.7(0.0) 4.5(0.9) 0.0
Vil 2 34.9(8.2) 32.3(8.8) 18.4 (0.9) 11.0 (1.0) 8.4(2.3) 43@3.7) 0.0(0.0) 0.0
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From an initial set of eight putative differentials, a reduced set
comprising four genotypes could adequately explain the patho-
genic variation among P. pachyrhizi in Nigeria. Within this
reduced set of host differentials, TGx 1485-1D and TGx 1844-4F
are breeding lines with high and moderate susceptibility to rust,
respectively, while the accessions PI 200492 and 459025B
possess the Rpp, and Rpp, resistance genes, respectively. Both PI
200492, and 459025B were part of the differential hosts recom-
mended by AVRDC (33) and a differential set proposed for identi-
fication of rust races in Japan (37). In the latter studies, both PI
200492 and 459025B were susceptible to most of the rust isolates
in Japan (only 4 out of 22 isolates resulted in a resistant reaction).
Both accessions were moderately resistant to P. pachyrhizi iso-
lates in the present study. Differences in the reaction of PI 200492
and 4590258 in these studies are primarily due to the variability
of the fungus within respective countries. Variation in virulence
among isolates from the same field and those collected from
different geographical areas has been reported (30). Using isolates
from South Africa, the AVRDC recommended differential lines
were all found to be susceptible to P. pachyrhizi (8). Thus, with-
out a useful host differential set that uses key informative
genotypes, it may not be possible to document information on the
structure and dynamics of pathogen races following the release of
new cultivars. The differential set described in this study is a
valuable tool for additional work on pathogen population and
dynamics not only in Nigeria, but in other locations in West
Africa where rust occurs.

In this study, we identified seven pathotype clusters of P.
pachyrhizi infecting soybean in Nigeria. Most isolates belonged
to clusters I and II, with isolates in cluster I being more virulent
than those in cluster II on all the host differentials. In addition,
pathotype clusters I and II were the most frequent in all geo-
graphical zones. However, the most virulent and least virulent
pathotypes were present only in the DS and SGS zones and the
greatest diversity in virulence phenotypes was also observed in
these two zones. These differences in diversity of P. pachyrhizi
observed in this study could be explained by the host-pathogen
co-evolution within the respective agroecological zones. Most of
the soybean production is concentrated in the DS and SGS zones
where up to two crops are produced in a year and where growers
cultivate a wide range of soybean cultivars (27) without adequate
rust resistance. It has been suggested that in the absence of race-
specific resistance, host-pathogen co-evolution may favor simple
races due to fitness costs associated with virulence (7). Life history
traits of P. pachyrhizi, such as wide host range and spore transport
to long distances, favor rapid distribution of isolates across large
geographical areas. Thus, our results point to a diversification in
the pathogen population in response to the diversity in host
population both soybean and nonsoybean systems in the DS and
SGS zones. The limited diversity in NGS is likely to change as
soybean production is pushed towards more marginal areas as
agronomically adapted cultivars become available for production
in the zone (3). Certainly, the number of isolates examined in the
present study is relatively small and more extensive sampling over
several seasons is necessary for a more realistic examination of
co-evolution.

Of the eight putative differentials used in this study, a reduced
set consisting of TGx 1485-1D, TGx 1844-4F, PI 459025B, and
PI 200492 was determined to be useful in differentiating patho-
genic variation among our isolates. Nonetheless, the range of
pathogenic variation that was captured by the differential hosts
was still limited. Theoretically, if each of the eight putative dif-
ferentials carried a unique resistance factor against each of the
pathogen isolates tested, up to 2% pathotypes clusters could be
differentiated (11). This difference between observed and hy-
pothesized pathogenic variability can be explained partly by the
choice of host differentials. Differentials other than TGx 1485-
1D, TGx 1844-4F, PI 459025B, and PI 200492 may not have
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been useful in differentiating the isolates as supported by our data
analysis. Similar differences between observed and hypothesized
pathogenic variability have previously been reported in other
host-pathogen systems (10). Ideally, a more universal host differ-
ential set should consist of isolines of characterized genes for
resistance to avoid characterizing unnecessary virulence carried
by the pathogen that is not needed to facilitate pathogenicity in
the cultivars of interest. The reduced set of differential hosts
reported in this study represents some of the resistances in use in
Nigeria although a clear understanding of the genetics of resis-
tance is lacking for the released cultivars, TGx 1485-1D and TGx
1844-4F, and resistance donors, PI 594538A and UG-5, currently
being used in the IITA soybean breeding program (1). The latter
two accessions are good sources of resistance due to their
resistance to all P. pachyrhizi isolates from Nigeria.

Future research efforts should focus in identifying pathogenic
clusters in different regions in major soybean areas in West Africa
using the host differential identified in this work or using a more
expanded differential set. This information can then be used to
target cultivars with specific resistance to match prevailing patho-
type groups in respective regions. With increased wide spread
production of locally adapted cultivars, pathogenic diversity is
expected to intensify. Four of the eight putative differentials are
being used to generate genotypes for possible cultivar develop-
ment. Although the reduced set of four differentials adequately
described the pathogenic variation in the isolate collection in this
study, we recommend the use of all eight putative differentials to
facilitate comparison between existing and new pathotypes that
may evolve in the future. As pathogenic data on additional iso-
lates becomes available, the number and structure of the patho-
type clusters will become clearer.
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